Objective-Inflammation plays a central role in atherosclerosis. However, the detailed changes in the composition and quantity of leukocytes in the arterial wall during atherogenesis are not fully understood in part because of the lack of suitable methods and animal models. Methods and Results-We developed a 10-fluorochrome, 13-parameter flow cytometry method to quantitate 7 major leukocyte subsets in a single digested arterial wall sample. Apolipoprotein E-deficient mice underwent left carotid artery (LCA) partial ligation and were fed a high-fat diet for 4 to 28 days. Monocyte/macrophages, dendritic cells, granulocytes, natural killer cells, and CD4 T cells significantly infiltrated the LCA as early as 4 days. Monocyte/macrophages and dendritic cells decreased between 7 and 14 days, whereas T-cell numbers remained steady. Leukocyte numbers peaked at 7 days, preceding atheroma formation at 14 days. B cells entered LCA by 14 days. Control right carotid and sham-ligated LCAs showed no significant infiltrates. Polymerase chain reaction and ELISA arrays showed that expression of proinflammatory cytokines and chemokines peaked at 7 and 14 days postligation, respectively. Conclusion-This is the first quantitative description of leukocyte number and composition over the life span of murine atherosclerosis. These results show that disturbed flow induces rapid and dynamic leukocyte accumulation in the arterial wall during the initiation and progression of atherosclerosis. (Arterioscler Thromb Vasc Biol. 2012;32:623-632.) and Dr Rezvan contributed equally to this work. The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/
A therosclerosis is an inflammatory disease driven in large part by immune cells that infiltrate into the arterial wall, leading to the development of lipid-laden plaques. [1] [2] [3] The infiltration of immune cells and proliferation of smooth muscle cells (SMCs) into the artery wall plays a central role in atherogenesis. Macrophages, dendritic cells (DCs), and T cells have all been shown to migrate into the intimal and adventitial regions of vessels in both the early and latter stages of atherogenesis in humans and in mice. 4, 5 Once present in the artery wall, each of these cell types contributes to atherogenesis in specific ways, such as presentation of atherogenic antigens to T cells (DCs), 4,6 -8 foam cell formation by taking up lipids (macrophages, SMCs, DCs), 9 proinflammatory cytokine production (macrophages, T cells), 3,10 -12 fibrous cap formation (SMCs), cytotoxicity (T cells), [13] [14] [15] and extracellular matrix degradation (macrophages). 4 Recently, we have shown that partial ligation of mouse carotid artery causes disturbed flow with characteristic low and oscillatory wall shear stress, leading to lipid-laden plaque development in apolipoprotein E-deficient (ApoE Ϫ/Ϫ ) mice fed a high-fat diet. 16 Using this model, we have shown that disturbed flow induces broad changes in the gene expression profile of endothelial cells (hours to days), including intercellular adhesion molecule 1 and vascular cell adhesion molecule 1 within 2 days. 16, 17 Impaired vascular relaxation response, another key aspect of endothelial dysfunction, occurs within 1 week via mechanisms involving endothelial nitric oxide synthase uncoupling, 18, 19 followed by the robust and homogenous formation of atheroma along the entire length of the common carotid artery within 2 weeks and features of advanced plaques, such as intraplaque neovasculogenesis, by 4 weeks. 16, 19 Although these results show a strong link between disturbed flow, inflammation, and atherosclerosis, the direct effect of disturbed flow on immune cell accumulation in the arterial wall during atherogenesis has not been established. However, in typical mouse models of diet-induced athero-sclerosis, sufficient lesion growth typically takes more than 2 months in focal regions exposed to naturally disturbed flow. 20 This makes it difficult to conduct sensitive kinetic studies because of relatively small and nonhomogeneous lesion areas. In contrast, our flow-induced atherosclerosis model develops robust and homogenous atheroma along the entire length of the common carotid within 2 weeks, making it an ideal experimental platform to quantify and define relationships between immune cell accumulation and inflammation in the arterial wall.
Advances in multiparameter flow cytometry allow for the surface phenotyping of a broad number of leukocyte cell types and their subsets using a single staining panel. [21] [22] [23] Flow cytometry has been previously used to track 1 to 4 different immune cell types in the vascular wall using 4 to 7 phenotypic markers. 24 -27 Here, we developed a 10-fluorochrome, 13-parameter flow cytometry method to phenotype and quantify 7 major leukocyte subsets implicated in the pathogenesis of atherosclerosis. The flow cytometry data were validated by immunofluorescence staining studies and cytokine and chemokine gene expression profile studies were carried out to gain further functional insights into the mechanisms of leukocyte accumulation.
Here, we show that flow disturbance causes rapid and dynamic immune cell accumulation in the arterial wall. Following flow disturbance, monocyte/macrophages and DCs rapidly infiltrate along with smaller numbers of T cells, natural killer (NK) cells, and granulocytes within 7 days. Monocyte/macrophage and DC numbers then rapidly contract during plaque growth between 7 and 14 days postligation. The peak leukocyte accumulation was strongly correlated with interferon-␥ (IFN␥) production.
Methods
An expanded Methods section is available in the online-only Data Supplement.
Mice and Partial Carotid Ligation Surgery
ApoE Ϫ/Ϫ mice underwent partial ligation of the left carotid artery (LCA) as previously described, whereas untouched right carotid artery (RCA) and sham LCA were used as controls ( Figure 1A ). 16, 28 Following ligation, ApoE Ϫ/Ϫ mice were maintained on the Paigen's high-fat diet 20 until they were euthanized. These animal experiments were approved by the Institutional Animal Care and Use Committee of Emory University.
Ten-Channel, 13-Marker Flow Cytometric Analysis of Carotid Artery Leukocytes
LCA and RCA were excised and pooled (nϭ3) in collagenase digestion buffer and digested as described. 25 Single-cell suspensions were used for leukocyte phenotyping by flow cytometry (Figure 1 ). In short, cells were stained with Fixable Live/Dead Yellow stain to discriminate dead cells, followed by incubation with a cocktail containing the following monoclonal antibodies: CD45-biotin, CD8a, CD11c, CD4, Gr-1, CD49b, NK1.1, CD3e, CD11b, F4/80, and MHCII. Secondary staining of CD45-biotin was performed using streptavidin-conjugated Qdot 655. Immunofluorescence was detected using a LSR II flow cytometer, using AccuCount Ultra Rainbow Fluorescent Particles to determine absolute cell numbers. All flow analyses were performed using FlowJo analysis software (version 5.0).
Immunostaining
Frozen sections (7 m) of LCA and RCA 16 were stained with primary antibodies for CD45, ␣-smooth muscle actin (␣SMA), CD11c, CD3, CD68, and CD11b and visualized with appropriate secondary antibodies. In situ apoptosis was measured by terminal deoxynucleotidyl transferase dUTP nick-end labeling assay and visualized by tetramethylrhodamine-dUTP fluorescence.
Polymerase Chain Reaction and Cytokine Bead Array ELISA Analysis of Chemokine and Cytokine Gene Expression
Total RNA, obtained from LCA and RCA as described, 16 was used for RT 2 Profiler polymerase chain reaction (PCR) arrays. For Cytokine Bead Array ELISAs, LCA and RCA were excised and stimulated in culture overnight as described. 18 Production of tumor necrosis factor-␣, IFN␥, interleukin (IL)-2, IL-4, and IL-5 was measured using the Cytokine Bead Array ELISA kit according to the manufacturer's protocol.
Partial Least Squares Regression Modeling Analysis
The relationship between immune cell accumulation dynamics and gene expression profiles was examined using the partial least squares regression modeling method. 29
Statistical Analysis
Values are expressed as meanϮSEM unless otherwise indicated. Pairwise comparisons were performed using 1-way or 2-way Student t tests. Multiple comparisons of means were performed using 1-way ANOVA followed by Tukey's multiple comparison tests. Differences between groups were considered significant at probability values below 0.05.
Results

Development of a 10-Fluorochrome, 13-Parameter Immunophenotyping Study of Leukocytes in the Murine Carotid Artery
We developed a comprehensive, 1-step flow cytometry method to accurately identify and quantify the composition of leukocyte subpopulations in nascent and established atherosclerotic lesions in the murine common carotid artery. Using a staining mixture containing 12 specific monoclonal antibodies conjugated to 10 different fluorochromes and a special gating strategy, we differentiated whole leukocyte populations into CD4 and CD8 T cells, B cells, monocyte/macrophages, DCs, granulocytes, and NK cells using mouse carotid artery ( Figure 1D ). Flow cytometry antibodies were validated on enzyme-digested splenocytes, and population gates were set according to fluorescence-minus-1 controls ( Figure I in the online-only Data Supplement). The immunophenotyping method showed expected results in blood leukocytes and splenocytes ( Figure II in the online-only Data Supplement), and stains of digested aorta preparations yielded results similar to those of previous studies ( Figure III in the onlineonly Data Supplement). 23, 25 
Flow Disturbance Causes Rapid and Dynamic Accumulation of Leukocytes Into the Arterial Wall in a Time-Dependent Manner
Using the 13-parameter immunotyping method, we then examined leukocyte number and composition in arterial wall during the development of atherosclerosis. Following partial ligation surgery and high-fat diet, flow-disturbed LCA and control RCA obtained at 4, 7, 14, 21, and 28 days postligation were enzymatically digested and analyzed by flow cytometry (Figure 1 ).
As shown in Figure 2A , flow disturbance caused a dynamic increase in leukocyte numbers in LCA in a time-dependent manner. Approximately 500 leukocytes were found per LCA as early as 4 days postligation. Leukocyte numbers peaked in LCA at Ϸ9200 cells at 7 days and, surprisingly, contracted to Ϸ2900 cells by 14 days, maintaining similar numbers in the vessel wall through 28 days postligation ( Table I in These results indicate that the decline in arterial leukocytes is not likely due to an extraction artifact. To further validate the flow cytometry data for dynamic leukocyte infiltration into LCA, LCA and RCA were stained with CD45 antibody. As additional controls, we used markers of SMC (␣SMA) and apoptosis (terminal deoxynucleotidyl transferase dUTP nick-end labeling). Intense CD45 staining in LCA was observed in the intimal lesion at 7, 14, or 21 days postligation, as well as in the media and adventitia (especially at 7 days) ( Figure 2D ). In contrast, CD45 staining was not observed in RCA sections in either 7-or 21-day samples or in sham-operated LCA and RCA. Interestingly, intimal ␣SMA staining was not apparent at day 7, but intense staining was found throughout the intima at day 14, which then regressed to a more localized peri-luminal pattern by day 21 (Figure 2E ). Further, a small number of apoptotic cells appear at day 7, which significantly and transiently increased at day 14, followed by a decrease by day 21 (Figure 2F ). Semiquantitative analysis of the staining data supports the qualitative observations. Taken together, these results suggest that the lesion growth from day 7 to day 14 is largely accounted for by SMC accumulation, along with decreased but sustained presence of leukocytes ( Figure 2D-2F ).
Disturbed Flow Induces Dynamic Accumulation of Innate Cells, T Cells, and B Cells in LCA
The flow cytometry data shown in Figure 2A was further analyzed to quantify dynamic changes in specific innate and adaptive immune cell populations. Total CD45 ϩ leukocytes were gated into B cells, T cells, DCs, monocyte/macrophages, NK cells, and granulocytes ( Figure 1D ). The time course data showed that flow disturbance induced rapid infiltration of all 4 innate cell types tested (DC, monocyte/ macrophage, NK cells, granulocytes) within 4 days and transiently peaking at 7 days ( Figure 3A ; Table I in the online-only Data Supplement). The number of DCs and monocyte/macrophages in LCA significantly contracted between 7 and 14 days postligation but remained steady afterward. NK cell numbers steadily declined from day 7 to day 28 postligation, whereas granulocytes showed a nonsignificant, biphasic pattern over the time course, with peaks at 7 and 28 days. In contrast, B cells did not significantly enter the arterial wall until day 14 postligation, and peaked by day 21 ( Figure 3A) . Disturbed flow induced the infiltration of a surprisingly small but statistically significant number of T cells as early as day 4, which significantly increased by day 7 and remained at Ϸ180 cells between days 14 and 28 postligation ( Figure 3A) . Total infiltrating T cells were further divided into CD4 and CD8 T cells ( Figure 3B ). CD4 cells were found to infiltrate into LCA as early as 4 days, peaking at 7 days and remaining high without a significant contraction for the duration of the time course. In contrast, CD8 cells were also found to infiltrate into LCA only by day 7 and remained unchanged over the time course, while maintaining a ratio of Ϸ2:1 (CD4/CD8) ( Figure 3B) .
We next performed combined compositional analyses of leukocytes in the carotid wall by calculating the percentage of each immune cell subtype out of total leukocyte numbers over the time course ( Figure 3C ). As expected, monocyte/ macrophages were the dominant immune cell in the flowdisturbed LCA, followed by DCs. Interestingly, T-cell and B-cell percentages appeared to increase as the atherosclerotic lesion developed (14 -28 days) compared with early lesions (4 -7 days postligation), as did NK cells.
Disturbed Flow Induces Intimal Accumulations of Macrophages, DCs, and CD4 T Cells in LCA
To validate the quantitative flow cytometry data, we performed immunofluorescence staining studies with antibodies specific to macrophage/foam cells, DCs, and T cells using frozen LCA and RCA cross-sections from ligated ApoE Ϫ/Ϫ mice. Both 7 and 21 day postligation lesions stained intensely for the macrophage/foam cell marker CD68 and myeloid cell marker CD11b both in the intima and adventitia ( Figure 4A and 4B). Within the intima, CD68 and CD11b staining was localized to nuclei-dense regions of the lesion, especially at 3 weeks ( Figure 4B ). The extensive intimal and adventitial CD68 staining in both 7-and 21-day lesions suggests that rapid foam cell differentiation occurs in leukocytes accumulating in the flow-disturbed LCA. In contrast to CD68 and CD11b staining, CD11c (DC) staining occurred mostly in intimal lesions but not in adventitia ( Figure 4 ). Similar to CD11c staining, T-cell infiltration (CD3) was also restricted to the intima in 21 day lesion, although it was also found in the media and adventitia at day 7. Because the animals were fed a high-fat diet, occasional CD11b ϩ and CD68 ϩ cells were found in the adventitia of RCAs ( Figure 4A and 4B) . Isotype control stains for all antibodies used showed negative staining in carotid intima, media, and adventitia ( Figure 4C ). Collectively, these results support the flow cytometry results.
Disturbed Flow Induces Dynamic Changes in Cytokine and Chemokine Gene Expression in LCA and Shows Th1 T-Cell-Mediated Inflammatory Pathology
To determine the effect of disturbed flow on cytokine and chemokine production in mouse carotid wall, we carried out RT 2 Profiler PCR arrays (SA Biosciences) on RNA from LCA and RCA taken at 4, 7, or 14 days postligation in ApoE Ϫ/Ϫ mice. In total, the expression levels of 89 genes, including 5 housekeeping genes, were analyzed per sample. As shown in the heat map ( Figure 5A ) and volcano plots ( Figure V in the online-only Data Supplement), we found no significantly altered gene expression (Ն3-fold) in LCA at 4 days, but 53 genes were significantly upregulated at 7 and 14 days ( Table II in the online-only Data Supplement). Interestingly, however, the PCR array failed to detect interferon ␥ (Ifng), a well-known, critical atherogenic cytokine ( Figure  5A ), which may have been due to a poor primer set. Therefore, we retested the same RNA samples using a different primer sequence set and found that Ifng expression was significantly increased in LCA at 7 days but not at 4 or 14 days postligation ( Figure 5B) .
To further determine IFN␥ production by cells in flowdisturbed lesions, cytokine expression was induced ex vivo by culturing LCA and RCA overnight in the presence of 12-O-tetradecanoylphorbol-13-acetate and ionomycin. IFN␥, tumor necrosis factor-␣, IL-2, IL-4, and IL-5 protein levels were assessed in culture supernatants by cytokine bead array ELISA. IFN␥, IL-2, and tumor necrosis factor-␣ production was robustly increased in LCA but not in RCA obtained from 7 day postligated mice ( Figure 5C ). IL-5 was increased as well in LCA, whereas IL-4 levels were not detected in LCA or RCA by the ELISA (Figure 5C ). These results suggest that disturbed flow induces Th1-skewed inflammation.
To further examine the Th1-skewed response, we performed additional quantitative PCR for Th-lineage specific transcription factors, Tbx21 (for Th1), Gata3 (for Th2), Rorc (for Th17) and Foxp3 (for Treg) using the same samples used in Figure 5A . We found that Tbx21 was upregulated by 7 and 14 days, whereas Gata3 did not change in LCA until 14 days postligation ( Figure 5D ). These results are consistent with the Ifng quantitative PCR result and the ELISA data ( Figure 5B and 5C), confirming the presence of a Th1-skewed immune response in the flow-disturbed LCA. In addition, Rorc and Foxp3 transcription factors were upregulated at 7 and 14 days, indicating the presence of Th17 and Treg cells in LCA as well.
Vascular Inflammation Kinetics Correspond With Immune Cell Infiltration Kinetics In Vivo: A Modeling Study
Partial least squares regression analysis was used to model the relationship between changes in cytokine/cytokine receptor gene expression and leukocyte accumulation dynamics in the arterial wall following exposure to disturbed flow. The optimized model consisted of 4 statistically significant components with a R 2 Yϭ0.943 and Q 2 ϭ0.757, suggesting a strong fit between observed changes in gene expression and immune cell numbers. Days 7 and 14 form distinct clusters on the scores plot, indicating a separation of gene expression trends between the 2 days of collection ( Figure VI in the online-only Data Supplement). From the scores plot, the positive PC2 direction roughly relates with information contained in day 7 samples, and the positive PC1 direction with information contained in day 14 samples.
Similarly, a loadings scatter plot maps the relative importance, or weight contribution, of x-or y-block variables to a principal component. There is a separation between most xand y-variables except for IFN␥, which shows a strong correlation with the number of immune cells recruited into LCA by day 7 postligation ( Figure VII in the online-only Data Supplement). In contrast, the strong relation of the remaining genes to day 14 LCA samples suggests that the inflammatory cytokine response increases after immune cell recruitment, corresponding with SMC migration into the carotid intima and plaque growth (Figure 2E ).
Discussion
The involvement of immune cells in atherogenesis has been well established. 3 Although multiparameter or multiplex flow cytometry methods that are capable of analyzing up to 15 different markers have been used, 21,23,30 -33 they have not been applied to study immune cell kinetics in atherosclerosis to our knowledge. Multiparameter flow cytometry studies in the atherosclerosis field have typically used up to 4 to 7 surface phenotype markers despite the discovery of increasingly more complex subsets of macrophages and DCs important to atherogenesis. 7,25,34 -39 To overcome this issue, we developed a robust 13-parameter, 10-fluorochrome flow cytometry method to analyze the kinetics of 7 distinct leukocyte types in atherosclerotic lesions.
We applied this flow cytometry method to lesion samples from our disturbed flow model of atherosclerosis. The major advantage of this murine model is that it induces atherogenesis rapidly and reproducibly along the entire length of LCA, beginning with a healthy disease-free artery and leading to a fully developed atheroma in only a few weeks. This allowed us to track week-to-week and even day-to-day changes in immune cell populations within the developing atherosclerotic lesion. The flow cytometry findings in LCA and RCA were validated by immunostaining with CD45, CD11b, CD11c, CD3, and CD68 (Figures 2 and 4) . CD45, CD11b, and CD68 stains showed that some vascular wall leukocytes detected by the flow cytometry method likely reside within the adventitia or media and do not necessarily represent intimal plaque leukocytes. In contrast to flow-disturbed LCA, atheroresistant RCA and sham-operated LCA contained only a few resident leukocytes and did not show sustained immune cell accumulations throughout the study.
The most dominant feature of our immune cell kinetic results was a surge of leukocyte numbers at 7 days postligation, followed by substantial contraction of innate leukocytes at day 14, primarily made up of monocyte/macrophages and DCs ( Figure 3 ; Table I in the online-only Data Supplement). This appears to be in conflict with previous studies that reported progressive leukocyte accumulation, especially of monocyte-derived macrophages and DCs, in the arterial wall during atherogenesis. 3, 25, 40, 41 Immunostaining for SMCs (␣SMA) and in situ apoptosis show heavy SMC migration and increased cell death in intimal plaques, corresponding with decreased CD45 staining at 14 and 21 days postligation ( Figure 2D-2F) . Together, the data suggest that leukocyte death, along with fibrous cap formation, accounts for some of the observed leukocyte regression. However, cell egress early during lesion initiation cannot be ruled out as a potential mechanism for macrophage/DC loss in our model, which is interesting because efflux of monocyte-derived cells has been shown to be primarily associated with lesion regression. 40, 41 Another limitation in comparing these findings to previous work is that in our model, flow disturbance induces an accelerated atherogenesis with proportionately low numbers of T cells and increased numbers of monocyte/macrophages, DCs, NK cells, and granulocytes compared with previous findings in aorta ( Figure III in the online-only Data Supplement). 25 Whether this is due to the disturbed flow-model used or the arteries examined in this study requires further research, although neutrophil margination and transmigration has been previously reported in atherosclerosis of the carotid bifurcation. 42 The surge in leukocyte accumulation correlates with the initiation of inflammatory cytokine and chemokine expression in our PCR array studies ( Figure 5 ; Table II in the online-only Data Supplement), especially proatherogenic cytokines tumor necrosis factor-␣ and IFN␥, which have been shown to play central, necessary roles in atherogenesis. 3, 10, 43 These findings suggest that the early surge in immune cells contributes directly to the increased inflammation and rapid plaque growth seen in our model, a conjecture supported by the partial least squares regression modeling analysis, which shows that the immune cell kinetics measured in our study correlate well with changes in inflammatory gene expression ( Figure VI and VII in the online-only Data Supplement). In particular, the analysis indicated a predominant role for IFN␥ in immune cell-mediated inflammatory pathology within the flow-disturbed region, leading to a cascade of subsequent proinflammatory gene upregulation and atheromatous plaque development by day 14.
Additionally, atherosclerosis-associated chemokines for monocytes (Ccl2, Cxcl2, Ccl7), DCs (Cx3cl1, Ccl19, Ccl9), T cells (Ccl5, Cxcl9), neutrophils (Ccl3, Ccl24), NK cells (Cxcl10, Ccl4), and B cells (Cxcl12, Ccl19) were detected in flow-disturbed LCA ( Table II in the online-only Data Supplement), further linking disturbed flow to established mechanisms of leukocyte trafficking in atherosclerosis. 3 These results correspond with recent whole genome profiles of human coronary and carotid artery plaques. 44 We also found significantly increased levels of the Th1 T-cell-specific transcription factor T-bet (Tbx21) at day 7 postligation, which were sustained through day 14 ( Figure 5 ), which correlate with the sustained, albeit low, numbers of CD4 and CD8 T cells seen in LCA at 14 days postligation and beyond ( Figure  3B ). The presence of T-bet expression in LCA suggests that flow disturbance induces the Th1-skewed adaptive immune response typical of atherosclerosis. 45 This was confirmed by ELISA, which showed a distinct Th1 cytokine signature in flow-disturbed LCA stimulated ex vivo. Our model also showed the presence of Th17 T cells (Rorc) and Tregs (Foxp3) in the plaque along with slight increases in Il17a and Il10 gene expression ( Figure 5 ) as previously reported in humans and mice. 11, 12, 34, 46 Flow cytometry provides a more accurate and unbiased method to quantify arterial immune cells than previously used histological approaches. However, the use of enzymatic tissue digestion and homogenization to extract vascular leukocytes may induce cell death ( Figure IV in the online-only Data Supplement) or other enzymatic extraction-dependent artifacts that may affect the flow cytometry results systematically or in a subpopulation-dependent manner. Furthermore, low leukocyte counts in some of our samples (ie, greater and lesser curvature of the aortic arch and LCA at 4 days postligation) could undermine the statistical accuracy of our quantitative and phenotypic percentage data (Figures 2A and  3 ; Figure III in the online-only Data Supplement). As such, our flow cytometry results need to be interpreted with appropriate caution. 44 Our studies establish partial carotid ligation as an effective animal model to study the inflammatory pathogenesis of atherosclerosis. We provide a comprehensive quantitative description of infiltrating leukocyte number and composition over the entire life span of an atherosclerotic lesion. We show that rather than being progressive, leukocyte accumulation in the flow-disturbed vascular lesion is dynamic, and that peak leukocyte accumulation immediately precedes major plaque development.
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